Sr does not change through time, to validate the selection of wineries performed, and in addition no isotopic variations are observed during winemaking. Indeed, no significant isotopic variations have been observed in musts and wines. These findings reinforce the hypothesis that the isotopic signature of wines is strongly related to the bioavailable fraction of the soil rather than to its bulk. The data corroborate the possibility that Sr-isotopes of high-quality wines can be used as a reliable tool for fingerprinting wine geographic provenance.
Introduction
Long lived isotope ratios of heavy elements of geological interest, such as 87 Pb, have in the last decades gained importance in tackling the issue of geographical food traceability, as well as in solving issues related with archaeological, environmental, medical and forensic sciences (Kelly, Heaton, & Hoogewerff, 2005; Podio et al., 2013; Voerkelius et al., 2010) . This increasing consideration is mainly based on the fact that radiogenic isotopic ratios are extensively used either for tracking geological and environmental processes or in dating cosmological and Earth's materials Horn, Schaaf, Holbach, Hölzl, & Eschnauer, 1993; Tommasini, Davies, & Elliott, 2000) . In addition, radiogenic isotope ratios are fractionated neither by low-temperature nor by biogenic processes. Hence, their abundance in geological materials (i.e. minerals and rocks) depends upon: (i) the initial radiogenic isotopic abundance, (ii) on the age of the rock/mineral, and (iii) on their parent/daughter isotope ratio (Dickin, 2005; Stille et al., 2009 ).
Each geological substratum of vineyards is liable to have its own Sr isotope composition, which can potentially represent a fingerprint to trace the wine production provenance (Boari et al., 2008; Marchionni et al., 2013) . The use of 87 Sr/ 86 Sr in tracking wine regional provenance was among the most pioneering applications of isotope geology to other sciences (Almeida & Vasconcelos, 2004; Barbaste, Robinson, Guilfoyle, Medina, & Lobinsky, 2002; Di Paola-Naranjo et al., 2011; Horn et al., 1993) . In most of the cases, however, the analytical uncertainty observed in Sr isotopes analyses of wines from literature is larger than most of the rock/soil isotopic variability, creating major difficulties in matching data of wines with those from geological substrata of the vineyards. Recently, high-precision analytical methods for determining 87 Sr/ 86 Sr have been provided, enabling the direct comparison of data on wines with those of the geological and pedological substrata (Boari et al., 2008; Durante et al., 2015; Marchionni et al., 2013; Mercurio et al., 2014; Petrini et al., 2015) . Even with high-precision Sr isotopic measurement discrepancies have been observed between the 87 Sr/ 86 Sr ratios in wine and those of geological material of the substrata of the vineyards (Boari et al., 2008; Marchionni et al., 2013) . This might be due either to adulteration of the analysed wines or to contamination during vine life, with Sr uptake by its roots, and the winemaking http://dx.doi.org/10.1016/j.foodchem.2015.06.026 0308-8146/Ó 2015 Elsevier Ltd. All rights reserved.
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Food Chemistry 190 (2016) [777] [778] [779] [780] [781] [782] [783] [784] [785] Contents lists available at ScienceDirect Food Chemistry j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / f o o d c h e m processes. To encompass this issue a detailed study on the distribution of 87 Sr/ 86 Sr in the complete chain of wine production of a 'DOC'-certified Italian 'Red' wine has been undertaken. This experimental study has the aim to verify the possible occurrence of 87 Sr/ 86 Sr decoupling between the wine and the geological substratum (i.e., rocks). We determined 87 Sr/ 86 Sr in rocks, soil, grape, grape juice (must), and wine on six different farms from the 'Cesanese' wine region in which we followed and verified the good winemaking practices during the years under consideration. The 'Cesanese' cultivar is a red Italian grape variety that is grown primarily in the Latium district, Central Italy. The 'Cesanese' Red wine is produced using 100% of the homonymous grape cultivar and its production is regulated and certified through three geographically distinct production areas protected by law regulation: the Cesanese di Affile DOC (Denomination of Origin Verified according to the Italian appellation law for wines), Cesanese di Olevano Romano DOC, and Cesanese del Piglio DOCG (Denomination of Origin Verified and Guaranteed, where in addition to geographic provenance, sensory characteristics of wines are also guaranteed). The selected wineries cover the three distinct DOC areas and they are from a geologically well-defined region (Critelli et al., 2007; Giordano & the CARG team, 2010) , from which a wide isotopic set of data for volcanic rocks is available (Boari, Avanzinelli, et al., 2009; Boari, Tommasini, Laurenzi, & Conticelli, 2009; Conticelli et al., 2010) . The final aim of this study is establish direct and unambiguous relationships between Sr-isotopes of wines and those of the substrata of their vineyards and to verify that neither the root nor the winemaking processes are able to change them through fractionation and contamination with additives, respectively.
Material and methods
The samples of the oenological chain used for this study (e.g., rocks, soil, grape, grape juice, must, and wine) are from six different wine producers of the three 'Cesanese' wine areas. The selected wines are indeed from: (i) 'Cesanese di Olevano Romano' consortium (i.e. Silene, Colle Canino, and Attis Red wines); (ii) 'Cesanese di Affile' consortium (i.e., Cesanese di Affile Red wine), and from the 'Cesanese del Piglio' Consortium (i.e. Romanico Red wine).
The wines analysed in this experimental study are from small vineyards (some 1-4 ha), owned by high-quality farmers who ensured the grapes' provenance and the controlled winemaking procedure. According to the consortia regulation all wines analysed are made from the Cesanese red grape variety (monocultivar); this ensure from possible differential elemental uptake from soil via the vine roots as seen to occur for Rare Earth Elements (Censi, Saiano, Pisciotta, & Tuzzolino, 2014) .
Multiple wine and must samples have been collected directly from tanks before bottling. Previous studies have shown that 87 Sr/ 86 Sr in wines from different vintage years is preserved unless contamination occurs (Boari et al., 2008; Durante et al., 2015; Marchionni et al., 2013; Mercurio et al., 2014; Petrini et al., 2015) . In this experimental work, however, we decided to use for each winery 5-7 samples of wine and must from a number of vintage years population to check the conservation of the amount of radiogenic Sr for wines from the same vineyard through the years and to reinforce the significance of the data used for evaluating the winemaking process. Grape juices have been also sampled to check for the absence of external imputs during the winemaking processes and the oenological chain from raw agricultural fruit to bottled wine. In addition to wine, must, and grape, volcanic and sedimentary bedrocks along with soils from the vineyards of grape production have been sampled to verify the 87 Sr/ 86 Sr of the geological substrata of the Cesanese area in comparison with the available data for similar rocks (Boari, Avanzinelli, et al., 2009; Boari, Tommasini, et al., 2009; Conticelli, Avanzinelli, Ammannati, & Casalini, 2015; Conticelli et al., 2010) . In addition the 87 Sr/ 86 Sr from rocks and soil of the vineyards substrata are necessary to assess the existing relationships with the Sr isotope composition of wines.
In some cases soils were sampled at different depths to evaluate isotopic variability of the different levels. In addition whole soil and volcanic samples and extracted leached solutions from them have been analysed. This has been done to assess the different Sr isotope compositions between the soil and the soil solution that regulates bioavailability for bio-vegetative processes. Considering rock-forming minerals experiencing weathering processes, differential leaching is to be expected, and only by chance the soil solution will have the same inorganic trace element and isotopic content of the bulk source rock or soil.
Sample preparation, digestion and Sr-purification
Rock samples have been brought first to sand-size material (<2 mm) using a jaw crusher then mechanically split to obtain a representative sample and eventually pulverised to powder-size, grain-size smaller than 100 lm (<400 mesh), using a ball mill. An agate ball mill is used in place of any other pulverisation metal device, to avoid possible trace element contamination (Takamasa & Nakai, 2009 Successively rock and soil as well as grape, grape must and wine samples have been treated and prepared for mass spectrometric analyses in a clean chemistry laboratory equipped with conditioned (ca. 20°C) and overpressured air ('Class 1000' environment).
Rock, grape, grape must, and wine samples underwent different digestion procedures. Some 50 mg of bulk soil and rock samples were digested in cleaned PFA beakers using a 1:4 mixture of concentrated HNO 3 and HF. After 1-2 days at 140°C, solutions were evaporated to dryness, nitrated twice, dissolved in 6 N HCl at 120°C, and eventually evaporated to dryness and dissolved again in 1 mL 3 N HNO 3 . Digestion was performed using clean PFA beakers within horizontal HEPA-filtered laminar flow work-stations sited inside a fume cupboard. This environment ensures a low-blank working area. High purity chemical reagents and water during sample treatment have been also used. Concentrated HNO 3 (65-69 wt%), and H 2 O 2 (30 wt%) were of ultra-pure quality; concentrated HF (40-49 wt%) was of supra-pure quality; concentrated HCl (37 wt%) of pro-analysis quality was distilled using a quartz sub-boiling distillation device. Water was treated with two steps of purification to obtain high resistivity Milli-Q Ò water (18.2 MX cm À1 ). Sr-purification was performed using cation exchange chromatography within a vertical HEPA-filtered laminar flow hood ('Class 100' environment) and high-purity chemical reagents.
In order to emulate the composition of the bioavailable soil solution fraction we used Unibest resin capsules (Unibest Inc., Bozeman MT). Unibest capsules are filled with ion exchange resins able to mimic the action of plant roots during uptake of bioavailable substances from soil (Skogley & Dobermann, 1996) . The use of Unibest capsules overcomes the problem of the purity level of reagents employed in the traditional soil sequential extraction procedure of the bioavailable component of the soil. It has been shown that Unibest resin capsules represent an efficient 'universal-bioa vailability' system for measuring inorganics in soils of very different origin and composition (Johnson, Verburg, & Arnone, 2005; Jones, Webb, Cook, & von Jolley, 2012; Skogley & Dobermann, 1996) .
The ion accumulation into the resin capsules is time-dependent (Dobermann et al., 1994) . We performed preliminary experiments on the extraction time needed to obtain the correct amount of Sr for isotopic analyses. According to Skogley and Dobermann (1996) some 200 g of soil were mixed with Mill-Q water and the Unibest spherical capsule (2 cm diameter) was allowed to sink and stay within the obtained mud solution for some 10 days. Then the capsule was extracted from the mud solution and rinsed with Milli-Q Ò water to remove soil residue from the surface, and then put in a cleaned PFA beaker with 20 ml 2 N HCl, repeated three times, to extract the chemical elements absorbed from the soil solution. Each time the 20 mL 2 N HCl solution was evaporated to dryness and eventually was dissolved in 1 mL 3 N HNO 3 for Sr purification. Extracted and purified bioavailable Sr fraction was then loaded onto a filament for mass spectrometric measurement.
Some 5-10 mL of wine, grape must, and grape juice, the latter from the squeezing of grape samples were evaporated to dryness at 90°C in cleaned PFA beakers. The residues were dissolved twice in 3 mL of H 2 O 2 (30 wt%) at 40°C for 1 day and subsequently evaporated to dryness at 90°C. The samples were then dissolved twice in 2 mL HNO 3 (67 wt%) at 150°C for 1 day, evaporated to dryness and dissolved again in 1 mL 3 N HNO 3 for Sr purification (see also Boari et al., 2008; Marchionni et al., 2013) . Digested samples were subsequently treated for Sr fraction purification with conventional cation exchange chromatography using disposable Sr-Spec resins (100-150 lm, Eichrom Ò ) in 140 lL pure quartz micro-columns with 3 N HNO 3 as eluent and Milli-Q Ò water to collect Sr. Care was taken in calibration of the Sr-Spec resins in order to avoid the presence of Rb and Ba in the eluted Sr-enriched fraction to be mounted on the filament, although possible presence of 87 Rb in ultratrace is efficiently burn out during step heating before mass spectrometry measurements.
Sample loading and mass spectrometry analyses
Following cation exchange chromatography, some 100-200 ng of Sr for each sample were dissolved in 1 lL of 2 N HNO 3 and loaded on single Re filaments along with 1 lL of TaCl 5 (activator) and 1 lL of H 3 PO 5 (fractionation suppressor).
Sr isotopes abundance ( 88 Sr, 87 Sr, 86 Sr, 84 Sr) have been measured in dynamic mode using a Thermo Finnigan™ Triton-Ti magnetic sector field thermal ionisation mass-spectrometer (TIMS) equipped with nine moveable collectors at the Department of Earth Sciences, University of Firenze. Measurements have been carried our using multi-dynamic mass collection procedure (i.e., peak jumping) to avoid bias due to different Faraday cup efficiencies (Avanzinelli et al., 2005 ). An idle time of 3 s has been set before the start of the collection after each jump, to eliminate possible memory effect due to the decay of the signal in the Faraday cups (Thirlwall, 1991) . Multi-dynamic mass collection procedure provides two simultaneous but independent measurements of the 87 Sr/ 86 Sr, which once exponential law corrected and geometrically averaged gives a more accurate and precise 87 Sr/ 86 Sr value (Avanzinelli et al., 2005) . The instrumental mass bias has been corrected off line with the 88 Sr/ 86 Sr ratio measured on the main configuration using the natural value ( 88 Sr/ 86 Sr N = 8.375209) and an exponential fractionation law (Thirlwall, 1991) .
85
Rb has been also monitored during Sr measurements on the L2 collector to correct for residual contribution (i.e., isobaric interference), if any, of 87 Rb to 87 Sr, using the natural 87 Rb/ 85 Rb (i.e., 0.386). Each single isotope measurement, consisting of 120 cycles, was performed using a signal of ca. 4 V on mass 88. Procedural blank was <200 pg, resulting in negligible sample correction. The external precision of NIST SRM987 international reference sample for the period of this study was 87 Sr/ 86 Sr = 0.710251 ± 10 (2r, n = 20), whilst the long-term mean value was 87 Sr/ 86 Sr = 0.710248 ± 16 (2r, n = 173, equivalent to an error of 23 ppm), identical to the widely accepted recommended value of Thirlwall (1991) , 87 Sr/ 86 Sr = 0.710248 ± 11. The within-run precision (i.e., 2r m :
internal precision) of 87 Sr/ 86 Sr measurements has been typically 610 ppm.
Statistical analysis
Classical linear regression analysis was used to model the relationship of the 87 Sr/ 86 Sr isotopic value for musts (y) and wines (x) thus taking into account that only must (y) is the variable subjected to uncertainty. However in our case both values x and y are subject to errors and the linear Deming regression (Deming, 1943) was also applied for comparison. In this regression technique the errors on x and y are considered independent and the ratio of their variance known and equal to 1 when the measurement method is the same or, alternatively, different from 1 when the variance of the errors can be estimated.
One-way analysis of variance (ANOVA) was considered the appropriate tool (Scheffé, 1999) to simultaneously compare the behaviour of a variable ( 87 Sr/ 86 Sr isotopic value) measured on diverse data groups (rocks, musts and wines in our case). The requirements of the method are for independent observations, normally distributed data in each group and equal variances for all groups. Since these are rarely met when working with applied geochemical and environmental data, also the non-parametric version was used (Kruskal-Wallis one-way analysis of variance by ranks, Spurrier, 2003) to avoid mistakes in the interpretation.
Results and discussion
The Sr isotope compositions of wine, must, grape juice, and grape from the different vineyards are reported in Table 1a , whilst those of soil, soil leachate, and bedrock are reported in Table 1b . Descriptive statistics of the overall Sr isotopic measurements performed on the different sample populations are reported in Table 2 , whilst results of the ANOVA test are reported in the electronic supplementary material.
Evaluation of the samples populations
To ensure the possibility that Sr isotope composition of wine and must used for this experimental study are statistically representative for being considered as a geographic provenance tracer, no yearly variability should be observed. Marchionni et al. (2013) have shown that in bottled red wines from different vintage years of the same geological area the Sr-isotope composition is preserved unless there is possible contamination, although in some cases within-area variability has been observed, possibly due to mixing with products characterised by different isotopic signatures.
In Fig. 1 Sr and different from the grape of the same vintage, which is similar to the other Attis samples (Table 1 ). This discrepancy is readily explained because the producers during the 2010 winemaking processes added also grapes from another vineyard located to the south-east of Olevano Romano with geologic substratum consisting of Late Sr values in soil, bedrock, and leachable soil solution fraction of the different vineyards of the Cesanese Consortium wine area are reported. Rock type and Lithology columns report the type of geological substratum of vineyards sampled and analysed, whilst the Sample description column reports the identification name of local geological formations (Giordano & the CARG team, 2010) . 2 s.e. represent the within run two standard error of the mean referring to the last significant digits. The limestone sample (AF2) from the Colle Faggiano area does not correspond to the substratum of any vineyard; ⁄ : leached soil solution fraction using UNIBEST Ò resins; 2sm: within run two standard error of the mean referring to the last significant digits. Dataset used for the statistics definition is maked by the overall Sr-isotopes instrumental measurements.
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Miocene sandstones with a highly radiogenic Sr isotope signature (Table 1b) . Neglecting the 2010 wine sample, the Attis wines has an average 87 (Table 1a) show large isotopic differences in the isotopic signature due to their different substrata (Table 1b ). In addition, Silene wines from vineyard I (San Giovenale) show an abrupt jump of 87 (Table 1a ). The increase of the 87 Sr/ 86 Sr, approaching the values of the volcanic substratum (Boari, Avanzinelli, et al., 2009) , in the products since 2006 vintage year indicates that no further addition of lime was performed. The farmer also declared for the Silene wine of vineyard II (i.e., Cerreto) only the vintage 2010 was entirely made with grapes from the II vineyard whilst the 2011 was made with grapes from both vineyards, having different geological substrata, thus explaining the drop from 0.710586 ± 8 to 0.709774 ± 5 (Table 1) . In summary, replicate high precision (Fig. 1) . The Sr isotope composition of the 2010 vintage Attis wine is higher than other Attis wines and the 2010 grape (Fig. 1) because the producer added grapes from another vineyard located in a sandstone substratum. These preliminary checks helped to better refine the population used for the further steps of this study.
3.2. 87 Sr/
86
Sr does not change during winemaking processes
To evaluate the effect of winemaking processes in the production of red wine, grape juice and must have been analysed and compared with the values of 87 Sr/ 86 Sr of wine samples (Table 1a) . Grape juices, musts, and wines from the same vineyard and vintage years display similar 87 Sr/ 86 Sr values within the calculated standard deviation of each wine (Table 2) . Indeed, considering that no variation has been observed in wines (Fig. 1) , musts and grape juices (Table 1) , the obtained data have been then used as a whole, calculating statistics for each type of product from the same vineyard. Then in Sr in wines and musts. Internal dashed curves are the confidence bands defining the area that has a 95% chance of containing the true regression line. External dashed curves represent the prediction band, the area in which 95% of all data points are expected to fall. (Tables 1a and 2 ). The two outliers observed correspond to the wines that were produced using mixing of grapes from vineyards with different geological substrata. Grape juice has been also analysed but not reported in Fig. 2 due to the few data available, but their 87 Sr/ 86 Sr plot well within the standard deviation of must and wines (Tables 1a and 2) .
To obtain a model for the relationship between wines and musts a linear fitting was calculated and reported in Fig. 2b . Internal dashed curves are the confidence bands defining the area that has a 95% chance of containing the true regression line. External dashed curves represent the prediction band, which is the area in which 95% of all data points are expected to fall. Spurrier, 2003) . In summary, Sr isotopes are preserved during good winemaking practices for 87 Sr/ 86 Sr determination, performed at the precision levels of geological materials (Thirlwall, 1991) , on high quality wines and related grape juices. 87 Sr/
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Sr of oenological food chain and those of the substratum
The vineyards from flatlands of the Cesanese consortia are characterised by volcanic rocks in their geological substratum, dominated by pyroclastic rocks erupted by the Colli Albani volcano (e.g., Boari, Avanzinelli, et al., 2009; Giordano & the CARG team, 2010) . On the other hands, vineyards from hills are characterised by substrata made up of Mesozoic to Tertiary sedimentary rocks (limestone, marlstone, sandstone; Critelli et al., 2007) . 87 Sr/ 86 Sr determined on rocks and soils sampled from substrata of the vineyards used in the production of the wines considered in this study are well within the ranges of measured 87 Sr/ 86 Sr for volcanic and sedimentary rocks of the Cesanese area and of the Italian peninsula in general (Boari, Avanzinelli, et al., 2009; Boari, Tommasini, et al., 2009; Conticelli et al., 2015) . Marchionni et al. (2013) has shown that at a very large scale 87 Sr/ 86 Sr of wines matches the 87 Sr/ 86 Sr isotopic values of the geological substrata of the areas of production, especially when the rocks of the substrata are of volcanic origin. This suggests that 87 Sr/ 86 Sr may represent a robust tool in tracing geographic provenance of wines. However, Marchionni et al. (2013) have also shown that in some cases 87 Sr/ 86 Sr variability in wines is larger than expected from the analyses of the geological substratum (i.e., rocks). In the present study to exploit the origin of radiogenic Sr, and to evaluate their influence we sampled in detail and analysed the rocks making the geological substratum of each vineyard (Table 1b) . Fig. 3 (Fig. 3) . This feature is mainly observed in wines from vineyards over sedimentary bedrocks rather than those on volcanic ones. Indeed, wines from vineyards on volcanic rocks plot not too far from the 1:1 line (Fig. 3) and well within the range of the 87 Braschi (2015, Pers. Comm.) . Here we investigated only the cases in which the deviation is observed in vineyards with geological substrata made of volcanic rocks.
For Romanico and Silene Ib vineyards we have measured 87 Sr/ 86 Sr in wines, musts, soils at different depths and underlying rocks (Tables 1 and 2 ). For soils we performed 87 Sr/ 86 Sr after leaching experiments, to assess the Sr isotope composition of the bioavailable fraction in soil solutions. The data on leached solutions reveal different Sr isotope compositions with respect to the corresponding soil and bedrock (Table 1 ). The Sr isotope composition of wines from vineyards located on volcanic substrata (Romanico, Attis, and the first Silene vineyard) are less radiogenic than the bulk soil/bedrock but similar to the leached soil solution. Indeed, all of the bioavailable fractions analysed have 87 Sr/ 86 Sr less radiogenic than the bulk material (Fig. 4) , indicating the prevalent contribution to the Sr content of the soil solution of a 'relatively unradiogenic' phase (e.g. feldspar and glass rather than biotite). In addition, 87 Sr/
Sr values of leached solutions approach the values of final grape products (must/wine) with decreasing depth Fig. 3 . 87 Sr/
Sr of wines vs the Sr-isotope composition in the whole rocks of the substrata of their vineyards. Error bars represents the standard deviation of the mean values for the whole isotope analyses performed on the samples. Grey fields are drawn on the basis of data from the scientific literature (e.g., Conticelli et al., 2015; Melluso, Conticelli, D'Antonio, Mirco, & Saccani, 2003) .
finding the possible horizon of roots uptake between 20 and 30 cm depth (Fig. 4) .
Summary and conclusions
In this study we have shown that, independently from winemaking procedure and vintage year, wine inherits its Sr isotope composition from the vineyard pedogenetic substratum, making 87 Sr/ 86 Sr a paramount candidate for being a robust and technologically advanced scientific tool for assessing of authenticity of the geographic provenance issues. As a corollary, the observed discrepancies in Attis wines reinforce the results of our study in that we could directly measure the Sr isotope variation in wine forced by external causes (i.e., lime addition and grape mixing). The selective extraction of chemical elements by vine-roots, according to their bioavailability, limits the precise correspondence between 87 Sr/ 86 Sr in bulk soils and wines. Further detailed studies are needed to scientifically demonstrate the mechanism for Sr-isotope variability in wines from extremely complex sedimentary substrata. Indeed, the bioavailable organic and inorganic substances in soil solutions differ from the bulk soil composition and can be either extremely variable in clastic and polymineral weathered rocks (soils on sandstones, and granites), or negligible in more homogeneous weathered rocks (soils on marls, clays, limestones, glassy volcanic rocks) as shown in this study. Sr in wines and musts and the Sr-isotope values in the substratum (rock and soil). Note that samples are from different depths beneath the vineyards. In addition 87 Sr/ 86 Sr in soil horizons have been determined on both whole sample and extracted leached solutions, see text for further explanations.
